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ABSTRACT 
 
Size effects play a significant role in metal processing when the specimen dimensions are 
reduced. In this study, influence of size effects were investigated on two problem specific 
processes. First, numerical simulations of a small-scale forward extrusion with varying grain size 
were performed for both 2D and 3D cases. Here, grains were assigned to non-homogeneous 
properties in a random fashion. The computational geometry was obtained from Voronoi 
tessellation in MATLAB, and python-scripting in ABAQUS. Then the effects of size and property 
non-homogeneity were investigated. Second, a numerical model was simulated to predict final 
form shapes, punch load requirement, and thickness distribution of hemispherical bowl-shaped 
forming. The die, punch and cover plate were fabricated using stereolithographic apparatus (SLA). 
Numerically obtained punch load requirement, thickness distribution, von-Mises contours, and 
equivalent plastic strain contours were compared for different thickness specimens. Finally, the 
models were validated by experimental results. 
 
 
Keywords: size effects, small scale, forward extrusion, non-homogeneous, metal forming, 
FE modeling.
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Chapter 1 
 
Introduction 
 
 
1.1 Size effects 
 The so-called size effects play a significant role when the dimensions of a work piece are 
scaled down to micro scale. Outputs deviate from the conventional predictions with the 
miniaturization of products. Therefore, investigation of size effects has become essential in 
microtechnology and nanotechnology. The size effects appear as a set of exceptional 
characteristics with product miniaturization, and Vollersten [1] categorized them into three kinds, 
as shown in figure 1.1. 
 
Figure 1.1: Categories of size effects [1] 
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The three primary categories are density, shape and microstructure size effects. Density 
size effects demonstrate the inconsistency of a certain feature in a workpiece. For instance, let us 
consider the black spots in figure 1.1 as a certain type of point defects. As the dimensions of the 
workpiece are scaled down, the density of the defects may not be the same as before. As a result, 
material response will be different under the application of load. 
The second type - shape size effects - can be understood by an example of a drop of water. 
As the diameter of the spherical water drop increases, surface area decreases in comparison with 
the inner volume. Therefore, surface tension force is smaller than the gravity force for a bigger 
drop of water. However, as the diameter of the water drop decreases, surface area increases relative 
to inner volume, and hence surface tension force increases and exceeds gravity force. Although 
the shape of the water drop remains the same (spherical), the resultant of the two opposing forces 
changes the direction from downward to upward, as the dimensions are scaled down.  
Finally, the third type is microstructure size effects. To understand this type, a very 
common arrangement of tool and workpiece, as shown in figure 1.1 can be considered. Usually 
lubricants are used at the contact surfaces of tool and workpiece to reduce friction. During the 
relative motion of workpiece and tool, pockets of lubricants are formed in between the two 
surfaces. These lubricant pockets can be of two types: open and closed. As the dimensions are 
reduced, the closed pockets transform to open pockets. Since the behaviors of the closed and open 
lubricant pockets are not the same, material response changes as the dimensions are scaled down.  
However, Liu et al. [2] indicated two major types of size effects that occur during forming 
processes. These two size effects originate from scaling of geometric size and grain size. The 
authors investigated geometric and grain size effects separately; the influence of these two size 
effects were studied on true stress vs strain plots of tensile tests. Geometric size effects on flow 
stress plots are shown in figure 1.2. Here, the grain size is approximately same but the thickness 
of the standard tensile specimens varies. As the thickness increased, the flow stress increased. 
Since stress is a point function, all the plots should have superimposed with one another. However, 
overlapping of plots was not found due to geometric size effects.  
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Figure 1.2: Geometric size effects on flow stress plots [2] 
 
Figure 1.3 shows the influence of grain size effects on flow stress curves, obtained from 
tensile tests. The thickness of the specimen was constant, but grain size was changed. It was found 
that flow stress increased with the decrease of grain size. 
 
Figure 1.3: Grain size effects on flow stress plots for t = 0.2 mm [2] 
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It is obvious that size effects are pronounced and sometimes decisive factors to consider in 
microforming processes. Therefore, study of size effects is essential to determine the issues in 
problem specific small-scale metal processing.   
 
1.2 Issues due to size effects 
 Unexpected problems arise in microforming processes due to size effects. These problems 
are categorized from the aspects of mechanical behavior, tribology, and scatter of material 
response [3]. When the dimension of a workpiece is large enough, then material is analyzed as 
bulk material, which means isotropic and homogeneous material properties. However, a metal 
body possesses numerous grains and each grain has a different orientation and varying mechanical 
properties. Although these variations are negligible for large scale specimens, these minor 
differences among the grains become significant as the dimensions are scaled down.   
 Size effects are significant in metal processing which involves high plastic deformation. 
Ma et al. [4] investigated the influence of size effects in deep drawing processes on fracture 
behavior. That study showed an opposing relationship between limiting drawing ratio (LDR) and 
grain size, i.e., LDR decreases with increase of grain size, and vice versa. Kals and Eckstein [5] 
studied size effects for problem specific operations, such as tensile tests and air bending of sheet 
metals on similarity principles by miniaturization. That study showed that, as the thickness of the 
tensile specimen decreases, flow stress decreases, as shown in figure 1.4. Since surface area 
increases relative to inner volume as a result of specimen miniaturization, and the surface grains 
show lower flow stress than the inner grains, thinner tensile specimens show lower flow stress.  
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Figure 1.4: Flow curves of CuNi18Zn20 for different values of the length scale λ [5]. 
 
 Another study was conducted by Li et al. [6] on micro tensile tests of brass foil with 
different thicknesses for coarse and fine grains. That study showed that samples with finer grains 
displayed higher flow stress than the samples with coarser grains (figure 1.5).  
 
Figure 1.5: Tensile stress-strain curves of CuZn37 brass foils [6]. 
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Moreover, the researchers detected that samples with smaller thickness demonstrated lower 
elongation before fracture.  
 Surface finish is a very important requirement for a good quality product, and tribological 
properties play a significant role on the final shape of parts. One of the major problems due to size 
effects is related to tribology. Effects of size on friction were investigated by Engel et al. [7]. They 
conducted scaled ring-test experiments and found that friction increased with product 
miniaturization. Vollertsen et al. [8] investigated size effects on friction for sheet metal forming 
processes. That study found that the share of the frictional force in total punch load was greatest 
for the smallest process dimensions, and vice versa.    
 With product miniaturization, material response is governed by individual grain properties, 
since number of grains becomes very low. Scatter of material behavior was studied by Chan et al. 
[9]. Although the test and environmental conditions and the dimensions of the micro specimens 
were the same, stress-strain plots did not superimpose with one another, rather they scatter. This 
happened due to material heterogeneity among the grains. The heterogeneity of the grain properties 
results from the difference of grain orientation. 
 
 
Figure 1.6: Scatter effect with a normal distribution function [9] 
 
 The degree of scattering of flow stress was described by the distribution function [9]. 
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𝑓(𝜎, 𝜀) =
1
𝑆(𝜀)√2𝜋
𝑒
−
1
2
[
𝜎(𝜀)−𝜎𝑚(𝜀)
𝑆(𝜀)
]
2
                                                      (1.1) 
 
Where σ is the flow stress, ε is the strain, σ(ε) is the flow stress at strain ε, S(ε) is the standard 
deviation, and σm(ε) is the mean flow stress. The values of σ(ε), S(ε), and σm(ε) can be obtained 
from the equations (1.2), (1.3), and (1.4), respectively. 
𝜎(𝜀) = ∑ 𝑉𝑖
𝑛
𝑖=1
 𝜎𝑖(ε)                                                                                 (1.2) 
𝑆(ε) = √
∑ [𝜎𝑗(ε) − 𝜎𝑚(ε)]
2𝑡
𝑗=1
𝑡 − 1
                                                           (1.3) 
𝜎𝑚(ε) =
∑ 𝜎𝑗(ε)
𝑡
𝑗=1
𝑡
                                                                                 (1.4) 
 
 Issues related to mechanical and tribological behavior and material scattering are 
pronounced when the specimen dimensions are scaled down. These issues significantly affect the 
final products obtained in small-scale metal processing. Therefore, it is essential to resolve the 
complication that arises from size effects to ensure the quality of final products.  
 
1.3 Remedies of size effects 
 Influence of size effects is predominant when products are miniaturized, and some 
unexpected problems arise. Researchers have been conducting studies to control the influence of 
size effects on metal processing. Stachowicz et al. [10] conducted a study on warm forming of 
stainless steel sheet. It was found that with an increase of temperature, a higher value of uniform 
elongation was achieved. Another strategy of grain refinement can be adopted to mitigate size 
effects. Parasiz et al. [11] studied grain size effects during microextrusion processes. That study 
found that for coarser grains, a bending response was observed in forward microextrusion. 
However, for finer grains, the extruded portion remained straight, as shown on figure 1.7. 
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Figure 1.7: Samples of pins extruded using the 0.76:0.57 mm die and work pieces having a grain 
size of 32 microns or 211 microns [11] 
 
From figure 1.7, it is clearly observed that coarser grains create issues in microextrusion. 
Therefore, grains can be refined to mitigate the problems of bending. 
 
1.4 Research objectives 
 The goal of this thesis is to predict size effects in two problem specific metal processes. 
The problem specific metal processes for this study are forward extrusions and sheet metal forming 
operations at small scales.  
Bending response was observed from the experiments of forward micro extrusions for the 
extruded pins with larger grains [11]. Since performing experiment requires substantial time and 
investments, computational modeling could be a good tool to predict grain size effects in small-
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scale forward extrusions. A Voronoi treated model was implemented in this study to predict grain 
size effects on 2D small-scale forward extrusions. 2D computational geometry with grains were 
generated using MATLAB and Python scripting. Afterwards, finite element simulation was 
performed in the commercial software, ABAQUS/Explicit. Bending magnitude was quantified for 
each of the specimens with varying grain size. Moreover, punch load requirement was predicted 
from the model.  Similar to 2D model, a 3D finite element model was developed and simulated 
using the FE software ABAQUS/Explicit. Bending response for forward micro-extrusion was 
predicted for the specimens with varying grain size. Finally, a case study was accomplished to 
validate the simulation model. 
 The second type of problem specific metal forming process — hemispherical bowl-shaped 
forming—was studied to predict the effect of sheet thickness on the load-displacement response. 
Computational models were developed and simulated in ABAQUS/Standard to predict punch load, 
final form shapes, and thickness distribution. Finally, experiments were performed to validate the 
numerical models. 
 
1.5 Review of literature 
 Voronoi tessellations are widely used to model geometry consisting of grains to predict the 
properties of polycrystalline aggregates [14]. A Voronoi tessellation is a structure that consists of 
cells, which are created from a random array of points. These points are called Poisson points. We 
can assume that Poisson points initiate the solidification which then uniformly propagates in all 
directions. The propagation continues until it collides with another one, hence establishing a grain 
boundary. The geometric grain boundaries are created by inserting lines perpendicular to lines 
connecting neighboring Poisson points. The details of the Voronoi tessellations can be found in 
Aurenhammer, 1991 [15] and Okabe et al. [16]. 
 To analyze the process parameters of metal processing at small scales, grain size effects 
need to be considered. A Voronoi model is used to create a geometry with grains. Researchers 
studied the influence of size effects on various microforming methods and processes. These 
processes include micro rolling, micro deep drawing, micro hydromechanical deep drawing, micro 
bending, micro compression, etc. These studies provide adequate evidence that the Voronoi model 
with grain heterogeneity can predict the influence of size effects. Cross-wedge rolling failure 
mechanisms were investigated experimentally by Li et al. [17]. The finite element method was 
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implemented by Jiang et al. [18] to study cross wedge rolling of metals. The influence of 
temperature on surface asperity of micro cross wedge rolling was studied and validated by Lu et 
al. [19]. Considering material heterogeneity, micro flexible rolling was studied by Qu et al. [20]. 
Process optimization and controlling of material properties in flexible rolling for aluminum alloy 
sheet were investigated by Engler et al. [21]. Size effects on micro cup drawing was studied by 
Molotnikov et al. [22]. A Voronoi model was developed for varying grain size and simulated by 
Luo et al. [23]. To show the dependency of every single grain behavior in small scale forming 
processes, Wang et al. [24] proposed a multi-region model for simulation. Size dependent FEM-
simulation was conducted by Hu et al. [25] for deep drawing of rectangular work pieces. Size 
effects on cylindrical micro deep drawing was investigated by Ma et al. [26]. A Voronoi blank 
model was developed and simulated for micro hydro deep drawing of circular caps by Luo et al. 
[27]. Springback in micro V-bending was studied by Fang et al. [28] considering grain 
heterogeneity. They used the Voronoi model and compared the simulation result with the 
experimental result. Influence of grain size effects was investigated by Liu et al. [2] for micro 
bending using Voronoi tessellation. A simulation of polycrystalline structure with a Voronoi 
diagram was performed by Fan et al. [29]. Experimental investigation of springback in micro sheet 
forming for V-bending was conducted by Gau et al. [30]. Voronoi grain based model was 
developed and simulated by Ghazvinian et al. [31] for brittle rock damage. 
 Experiments and modeling of anisotropic aluminum extrusions under multi-axial loading 
were conducted by Dunand et al. [32] and Luo et al. [33]. A rate-independent Taylor-type 
polycrystalline model was developed and implemented by Guan et al. [34] for single crystals to 
study the texture development of extruded aluminum tube. A plasticity model was developed by 
Rousselier et al. [35] for extruded aluminum 6260-T6 at the macroscopic level. Experimental and 
numerical analysis of the extrusion process for micropins were conducted by Cao et al. [36]. 
Extrusion texture of a magnesium alloy using crystal plasticity finite element modeling was studied 
by Shao et al. [37]. The texture development mechanism during the extrusion of magnesium alloy 
was studied experimentally and numerically by Mayama et al. [38]. Grain size effect on 
mechanical properties and deformability of titanium alloy was modeled using finite element 
techniques by Jiang et al. [39] for equal channel angular pressure (ECAP). Effects of grain size 
and misorientation angle on the deformation of ECAP was studied by Sanusi et al. [40]. Modeling 
of forward metal extrusion was detailed by Kathirgamanathan et al. [41].  
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Chapter 2 
 
Mathematical modeling to predict size effects 
 
 
  
2.1 Analytical modeling 
 Liu et al. [2] determined a constitutive model to predict size effects (both grain and 
geometric) on flow stress of copper alloy tensile specimens. 
 
 Figure 2.1: Material hierarchy  
 
Let us consider a specimen for analysis. If grains are considered the building blocks, the specimen 
could be divided into two regions — surface grains and inner grains. When the specimen is under 
the application of a load, the response of surface grains will not be similar to the response of the 
inner grains. If the specimen is small enough, then the fraction of the surface grains will be 
significant enough to consider separately during analysis. The overall flow stress of the specimen 
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can be expressed in terms of flow stress at the inner portion (σin) and flow stress in the surface 
regions (σsurf). Therefore, the overall flow stress can be written as - 
𝜎 = 𝜂𝜎𝑖𝑛 + (1 − 𝜂)𝜎𝑠𝑢𝑟𝑓                                                              (2.1) 
where, η is the fraction of the inner portion. 
 
Now, let us consider a single grain, as shown in the figure 2.2. 
 
 
 
Figure 2.2: Single grain structure  
 
A single grain can be divided into two regions: grain interior and grain boundary. The flow stress 
in a single grain can be expressed in terms of the flow stress of the grain interior and flow stress at 
the grain boundary. Therefore, flow stress of single grain can be written as, 
𝜎𝑖𝑛 = 𝑓𝐺𝐼𝜎𝐺𝐼 + 𝑓𝐺𝐵𝜎𝐺𝐵                                                                (2.2) 
where, fGI and fGB are the area fractions of the grain interior and grain boundary. They are the 
functions of average grain size (d) and grain boundary thickness (tG). Average grain size and grain 
boundary thickness are related by an equation [12, 13] as 
𝑡𝐺 = 𝑘𝑑
𝑛                                                                                        (2.3) 
where tG and d are grain boundary thickness and average grain size, respectively. k, n are constants 
for specific materials.  
Therefore, σs is a function of k, n, σGB, σGI, and d. 
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 Now, let us consider the grains at the surface. The response of the surface grains is dominated by 
grain interior since there is no grain layer on the free surface, i.e., σGI = σsurf. 
For the interior grains, σin = σs 
Finally, the equation of overall flow stress can be calculated from the equation (2.4). 
𝜎 = 𝜂𝜎𝑠 + (1 − 𝜂)𝜎𝐺𝐼                                                                         (2.4) 
 
So, overall flow stress is a function of σGB, σGI, k, n, η, and d.  
k, n are known constants for specific materials and η is the geometric size factor to represent the 
fraction of inner portion. σGB, σGI are determined from the curve-fitting of more than two stress-
strain curves with different size factors. 
 
2.2 Numerical modeling 
 Forming processes involve high amounts of plastic strain. Due to strain localizing, plastic 
damage, nonlinearity, and inhomogeneous stress-strain fields, analytical models fail to predict size 
effects in micro-forming processes. Therefore, numerical modeling is used to predict the response 
in small-scale forming processes. Finite element (FE) modeling is used to analyze the deformation 
and process parameters in forming processes; researchers adopted a number of different models to 
predict size effects. Two very well-known approaches for microforming processes are crystal 
plasticity finite element modeling (CPFEM), and finite element simulation of a Voronoi model. 
 
2.2.1 Crystal plasticity finite element modeling (CPFEM) 
 CPFEM is performed based on the crystal plasticity (CP) theory. The geometrics and 
kinematics of crystal plastic deformation are described in references [42-47]. The basic equations 
of CP kinematics are described below.  
𝐺𝑟𝑜𝑠𝑠 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡, 𝑭 =
𝜕𝑥
𝜕𝑋
= 𝑭∗ · 𝑭𝑝                                                                         (2.5) 
Superscripts * and p indicate elastic and plastic, respectively.  
𝑆𝑙𝑖𝑝 𝑣𝑒𝑐𝑡𝑜𝑟, 𝒔∗(𝛼) = 𝑭
∗ · 𝒔(𝛼)                                                                               (2.6) 
𝑈𝑛𝑑𝑒𝑓𝑜𝑟𝑚𝑒𝑑 𝑛𝑜𝑟𝑚𝑎𝑙 𝑣𝑒𝑐𝑡𝑜𝑟, 𝒎∗(𝛼) = 𝒎(𝛼) · 𝑭
∗−1                                                                      (2.7) 
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡, 𝑳 =
𝜕𝑣
𝜕𝑥
=
𝜕𝑣
𝜕𝑋
·
𝜕𝑋
𝜕𝑥
= ?̇? · 𝑭−1 = 𝑳∗ + 𝑳𝑝                                     (2.8) 
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𝑳∗ + 𝑳𝑝 = ?̇?∗ · 𝑭∗−1 + 𝑭∗ · ?̇?𝑝 · 𝑭𝑝−1 · 𝑭∗−1                                                 (2.9) 
 
𝑃𝑙𝑎𝑠𝑡𝑖𝑐 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑠𝑖𝑛𝑔𝑙𝑒 𝑐𝑟𝑦𝑠𝑡𝑎𝑙:  
𝑭𝑝 = 𝑰 + 𝛾(𝛼)𝒔(𝛼) ⊗ 𝒎(𝛼)                                                            (2.10) 
?̇?𝑝 = ∑ ?̇?(𝛼)𝒔(𝛼) ⊗ 𝒎(𝛼)
𝑛
𝛼=1
                                                            (2.11) 
𝑭𝑝−1 = 𝑰 − ∑ 𝛾(𝛼)𝒔(𝛼) ⊗ 𝒎(𝛼)
𝑛
𝛼=1
                                                 (2.12) 
?̇?𝑝 · 𝑭𝑝−1 = ∑ ?̇?(𝛼)𝒔(𝛼) ⊗ 𝒎(𝛼)
𝑛
𝛼=1
                                                  (2.13) 
𝛾(𝛼) is the shear strain and ?̇?(𝛼)is the shear rate. 
𝑳∗ = ?̇?∗ · 𝑭∗−1                                                                                      (2.14) 
𝑳𝑝 = 𝑭∗ · ?̇?𝑝 · 𝑭𝑝−1 · 𝑭∗−1 = ∑ ?̇?(𝛼)𝒔
∗
(𝛼) ⊗ 𝒎
∗
(𝛼)
𝑛
𝛼=1
                     (2.15) 
𝑳 = 𝑫 + 𝜴                                                                                            (2.16) 
𝑫 𝑎𝑛𝑑 𝜴 are symmetric tensors of deforming velocity and rotating velocity, respectively.  
𝐷𝑖𝑗 =
1
2
(
𝜕𝑣𝑖
𝜕𝑥𝑗
+
𝜕𝑣𝑗
𝜕𝑥𝑖
)                                                                          (2.17) 
𝛺𝑖𝑗 =
1
2
(
𝜕𝑣𝑖
𝜕𝑥𝑗
−
𝜕𝑣𝑗
𝜕𝑥𝑖
)                                                                          (2.18) 
𝑫 = 𝑫∗ + 𝑫𝑝, 𝜴 = 𝜴∗ + 𝜴𝑝                                                             (2.19) 
𝑫𝑝 + 𝜴𝑝 = 𝑭∗ · ?̇?𝑝 · 𝑭𝑝−1 · 𝑭∗−1                                                          (2.20) 
𝑫𝑝 + 𝜴𝑝 = ∑ ?̇?(𝛼)𝒔
∗
(𝛼) ⊗ 𝒎
∗
(𝛼)
𝑛
𝛼=1
                                                  (2.21) 
?̇?𝑝𝑭𝑝−1 = ∑ ?̇?(𝛼)𝒔(𝛼)𝒎(𝛼)
𝑛
𝛼=1
                                                               (2.22) 
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The User-defined Material Mechanical Behavior (UMAT) is an interface for FORTRAN program 
by which a problem can be simulated in ABAQUS using CP theory, since CP is not a built in code 
in ABAQUS. 
 
2.2.2 Voronoi model with grain heterogeneity 
 The first step is to obtain a Voronoi tessellation with grains. The Voronoi algorithm is used 
to generate the geometry. After that the grains are assigned non-homogeneous grain properties. 
Then under the application of load, applying boundary conditions, the simulation is performed. 
Some of the features of Voronoi model with grain heterogeneity simulation are stated below. 
1. Resulting anisotropy is assigned to grains instead of grain orientation. 
2. Computational cost and time requirement are lower than CPFEM. 
3. Model assumes every single grain as homogeneous and isotropic. 
4. Empirical statistical distribution function is required to obtain material heterogeneity. 
 
The details of Voronoi model simulation for small-scale forward extrusion will be described in 
chapters 3 and 4. Implementation of 2D Voronoi model simulation will be elaborated in chapter 
2, and 3D Voronoi model simulation will be described in chapter 4. 
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Chapter 3 
 
2D modeling: predicting grain size effects on forward extrusion 
 
 
 In this chapter, effects of grain size will be discussed on small scale forward extrusion, as 
shown in figure 3.1. A billet was placed inside the die-cavity before the extrusion operation. Then 
a punch was used to cause material flow through the die opening. The die opening had a smaller 
lateral dimension than the die-cavity. As the punch moves down, extrusion occurs and hence the 
dimensions of the billet change. Simulations were performed using a 2D Voronoi model with grain 
heterogeneity. 
 
 
 
 
Figure 3.1: Forward extrusion 
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3.1 Problem statement 
 Numerical simulations of forward extrusion were conducted for an aluminum alloy with 
grain sizes of 291, 325, and 420 microns. In the 2-D model, the billet was of length 12 mm and 
width of 3 mm. The die was considered as perfectly rigid body with a die angle of 26.6º with the 
vertical line. The billet width was reduced to 2 mm, i.e., a 33.33% decrease along the lateral 
dimension. The schematic is shown in the figure 3.2. 
  
Figure 3.2: Schematic of the billet-die assembly 
 
3.2 Material properties 
For the Voronoi modeling with grain heterogeneity, experimental data for the plastic 
behavior of the extruded material are needed.  The billet material was aluminum; the material 
properties were obtained from the metal handbook [48]. The general properties are given below: 
 
Density = 2672 kg/m3 
Elastic Modulus, E = 70 GPa 
Poisson’s ratio = 0.33 
18 
 
To determine the effect of material heterogeneity, four sets of plastic properties (stress vs strain) 
were calculated by offsetting ±20% and ±40% of the experimental data, as shown in figure in 3.3. 
The plot with legend “Avg” indicates average stress-strain plot for the billet material. This curve 
was calculated from the tensile test of bulk aluminum specimens. In practice, the stress values are 
not available at higher amount of strains. Therefore, well-known Ramberg-Osgood equations were 
used to avail the stress values at higher strains. The stress values at higher strains are necessary 
because the extrusion process involves higher amount of plastic deformation.  
 
 
Figure 3.3: Plastic input properties 
3.3 Modeling 
The first step of the modeling is to obtain a computational geometry that contains grains. 
Voronoi tessellation was implemented to obtain the computational geometry where the grains were 
identifiable. At first a set of points was generated in MATLAB which were uniformly distributed. 
The corresponding Voronoi diagram consisted of a set of rectangles, each surrounding a point, as 
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shown in figure 3.4. The points were generated by: 𝑥 =
𝐷
2
+ (𝑗 − 1) × 𝐷 and 𝑦 =
𝐷
2
+  (𝑖 − 1) × 𝐷; 
where, D is the size of grains. For instance, D = 420 µm for the figure 3.5 and i, and j indicate 
number of row and column, respectively. 
 
 
Figure 3.4: Rectangular Voronoi cells 
In MATLAB, voronoi(x, y) syntax was used to generate a Voronoi diagram. In general, the grains 
are of irregular shapes. So, these points needed to be shifted randomly to several directions. To do 
that, a random number was incorporated to manipulate the coordinates of the points.  The shifting 
coordinates (x1, y1) of the Voronoi cells were determined by: 𝑥1 = 𝑥 +  𝑟 ×
𝐷
2
  and  𝑦1 = 𝑦 +
 𝑟 ×
𝐷
2
 .Where, (x1, y1) indicates updated coordinates of Voronoi cells and r is a randomly 
generated number between 0 and 1 in each iteration. A random number was generated by 
r=abs((2*rand(1,1)-1)).Then an updated Voronoi diagram (figure 3.5) was obtained by the 
command, voronoi(x1,y1). 
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Figure 3.5: Irregular grain-like Voronoi cells 
 
However, it was required to obtain a computational geometry with grains in ABAQUS for finite 
element analysis. In order to avail the vertices of each of the Voronoi cells and the sequences of 
their connectivity, a syntax, [v,c] = voronoin([x1(:) y1(:)]) was used. Where, v indicates the set of 
points located at vertices of the Voronoi cells, and c indicates the sequence of connectivity to 
construct each of the Voronoi cells. 
A python script was implemented into ABAQUS/CAE to obtain a 2-D planar wire frame (figure 
3.6) from the vertices and the sequence of connectivity, obtained from MATLAB.  
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Figure 3.6: 2D wire-frame obtained in ABAQUS/ CAE 
Afterwards, a geometry edit tool was used to convert each bounded wire frame to face with 
boundary (figure 3.7) so that each face could be assigned to material properties. 
 
Figure 3.7: 2D surface texture for computation 
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With the help of python scripting, five sets of plastic properties from figure 3.3 were assigned to 
grains in a random fashion to get the computational geometry with heterogeneous material 
properties. Figure 3.8 shows the geometry with grains assigned to heterogeneous material 
properties.  
 
 
Figure 3.8: 2D computational domain with material heterogeneity 
 
ABAQUS/Explicit was used to simulate the problem and predict the grain size effects. 
Dynamic/Explicit analysis was performed. The inside die-surface and outer billet-surface were in 
contact during extrusion. This contact was defined as penalty contact. A friction factor of 0.02 was 
used during computation. The geometry was then meshed prior to running simulations. The mesh 
structure is shown in the figure 3.9. The mesh type was free quad-dominated. 
 
23 
 
 
Figure 3.9: 2D computational domain with mesh 
 
Boundary conditions: 
 The rigid die was imposed to stationary boundary conditions. The die was constrained in all 
directions. The billet motion was constrained in all directions except the vertical direction. The 
top-most surface of the billet was assigned to a velocity boundary conditions. The assigned speed 
was 1 mm/s downward. 
3.4 Mesh Convergence 
 A mesh convergence test was performed for the model with 325 microns grain size. The 
simulation was run for five different numbers of elements. The von-Mises stress values were 
observed for a specific point, as shown in figure 3.10. The corresponding von-Mises values are 
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tabulated in table 3.1. From the figure 3.11, it is seen that the convergence occurs after the number 
of elements of approximately 4500. 
 
Figure 3.10: Mesh convergence test with the point of interest 
Table 3.1: Von-Mises stress corresponding to number of elements for 2D forward extrusion 
model. 
Number of elements Von-Mises Stress (MPa) 
1883 51.9483 
2388 51.4183 
3600 58.3847 
4745 60.4621 
5721 60.7184 
 
Point of 
interest 
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Figure 3.11: Plot of mesh convergence test for 2D forward extrusion 
3.5 Simulation results 
Equivalent plastic strain contours are shown in figure 3.12. Since the grains were assigned 
to non-homogeneous properties, all of the grains did not undergo uniform deformation. Therefore, 
non-uniform strain fields are observed for figures 3.12(b), 3.12 (c), 3.12 (d).  
However, uniform strain fields are obtained for the model with homogeneous grain 
properties, as shown in figure 3.12 (a). It was expected that the periphery of the billet should 
experience large plastic strains; which is obvious in figure 3.12 (a). This trend is also seen in the 
figures 3.12 (a), (b), and (c), although the grains have heterogeneous material properties. Another 
noticeable response is observed in figure 3.12. The billet experiences bending after coming out 
from the die opening, except for the case of homogeneous grain properties. Therefore, a bending 
phenomenon is observed in small scale forward extrusion with non-homogeneous grain properties. 
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(a) 
 
(b) 
  
(c) (d) 
 
Figure 3.12: Equivalent plastic strain contours: (a) homogeneous (b) 291 µm, (c) 325 µm, and 
(d) 420 µm 
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Virtual grain morphologies before and after the extrusion are shown in figure 3.13. It is 
noticed that the grains at the surface experienced the maximum deformation. These grains came 
into direct contact with the die surface. 
 
 
 
Figure 3.13: Virtual grain morphology for 2D model: (a) before extrusion, (b) after extrusion  
 
The magnitude of the lateral deflection of the billet tip was plotted against the downward 
movement. As the billet comes down the bottom surface of the billet deflects along the lateral 
direction. Figure 3.14 shows the relative magnitude of the lateral deflection for different grain 
sizes. It is obvious that magnitude of the lateral deflection increases with the increase in the size 
of grains. The maximum deflection was obtained for specimens with 420 micron grain size. No 
deflection was found for homogeneous specimen.  
(a) (b) 
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Figure 3.14: Lateral deflection of the 2D billet while extrusion 
 
 
Figure 3.15: Load vs displacement plots for 2D model 
29 
 
Punch load requirements for different grain size specimens are shown in figure 3.15. The 
plots show a rapid increase of load at the beginning. Initially the punch squeezes the material 
before the onset of plastic deformation. The figure shows ups and downs in load requirements after 
the billet comes close to the die opening. Since the geometry consists of grains and all of the grains 
responded differently, load requirements varied very quickly with displacement. 
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Chapter 4 
 
3D modeling of forward extrusion  
 
 
2D modeling of forward extrusion was discussed in chapter 3. Although the 2D model does 
not represent actual physical scenario, it conveys important information of bending response and 
relative magnitude with grain size in small scale forward extrusion. In this chapter, a 3D model of 
forward extrusion will be discussed and grain size effects will be investigated on bending response 
of small scale forward extrusion.  
  
4.1 Problem statement 
 Likewise the previous chapter, the billet material was aluminum. The die was considered 
as rigid body. The billet is in the shape of cylinder. The inner side dimension of the die cavity was 
equal to the outer diameter of billet. The die opening had the dimension of 2/3rd of the die cavity. 
The computation was performed for a billet diameter of 3 mm and a billet length of 3 mm. The die 
opening had a diameter of 2 mm and die angle of 23.57 degrees with the vertical.  
 
 
Figure 4.1: Schematic of the billet and die assembly for 3D model 
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4.2 Modeling 
 Half of the billet was considered for computation to reduce the computational cost. The 
cutting plane was imposed to appropriate symmetry boundary conditions. The one-half of the 
model had 200 grains in total.  
Geometry and mesh: 
Geometry and mesh were obtained using the software, Neper [49, 50, 51], which works on Linux 
architecture. The type of the mesh was C3D10, meaning 10 node nonlinear tetrahedral element. 
The billet geometry with mesh is shown is figure 4.2. 
 
   
Figure 4.2: Geometry and mesh of the billet for 3D model  
 
The die was considered as rigid material and the die-work piece assembly is shown in figure 4.3. 
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Figure 4.3: Die-billet assembly of 3D model 
 
Assignment of properties: 
 A set of 5 different properties (set-1), as shown in figure 3.4 was assigned in random 
fashion among the grains to obtain grain heterogeneity. Also, a set of 11 different properties (set-
2), as shown in figure 4.4 was used to assign grain heterogeneity.  
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Figure 4.4: Plastic property inputs 
 
A python script was run to assign plastic properties among the grains at a random fashion. After 
assigning the plastic input properties, the geometry became as shown in figure 4.5. 
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Figure 4.5: Geometry with assigned material heterogeneity 
 
Interactions: 
A friction contact was defined with penalty formulation to define the interaction between the billet 
surface and the inner die surface. A friction factor of 0.1 was used for the simulation. The contact 
type was hard, which means the contact surfaces will not allow penetration. 
Boundary conditions: 
The rigid die was considered fixed, i.e., zero degree of freedom. The top surface of the billet was 
restrained to the movement in vertical direction only. The cutting plane was imposed with a 
symmetry boundary condition so that its motion is constrained along the normal direction of the 
plane. 
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4.3 Mesh convergence 
A mesh convergence test was performed for the model with 200 grains. The simulation was run 
for five different number of elements. The von-Mises stress values were observed for a specific 
point, as shown in figure 4.6. The corresponding von-Mises values are tabulated in table 4.1. From 
the figure 4.7, it is seen that the convergence occurs after the number of elements of approximately 
30000. 
  
Figure 4.6: Mesh with point of interest for mesh convergence 
Table 4.1: Von-Mises stress corresponding to the number of elements for 3D forward extrusion 
model. 
Characteristic length (cl)  Number of elements Von-Mises stress (MPa) 
0.30 11974 114.56 
0.22 16804 116.90 
0.19 25964 118.68 
0.15 43555 118.78 
0.12 52932 118.60 
 
Point of interest 
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Figure 4.7: Mesh convergence test for 3D extrusion model simulation 
4.4 Simulation results 
Grain morphology was observed after the simulation. The grain morphology is shown in figure 
4.8. The grains at the surface region undergo the maximum deformation. Also, the billet bends 
after the extrusion. But the bending phenomenon was not noticed for the specimen with 
homogeneous grain properties. So the reason of bending response can be explained by material 
heterogeneity, which was found for 2D model in chapter 3 as well. 
A load vs displacement plot was obtained, as shown in figure 4.9. From the beginning of 
the process the load requirement increases rapidly up to a displacement of approximately 1 mm. 
Beyond that point, load decreases as the punch moves downward. The trend is as expected, because 
initially it requires load to cause elastic deformation until it reaches plastic region. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 4.8: Grain morphology after extrusion: (a) front view (homogeneous), (b) rear view 
(homogeneous), (c) front view (set-1), (d) rear view (set-1), (e) front view (set-2), (f) rear view 
(set-2) 
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Figure 4.9: Load-displacement plots for 3D forward extrusion model 
Lateral displacement vs vertical displacement was plotted, as shown in figure 4.10. The plots show 
that the billet tip moves laterally as it moves down. The set-1 had a greater material scatter, relative 
to set-1. The bending magnitude was greater for set-1. 
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Figure 4.10: Lateral displacement plots with vertical movement for 3D model 
 
4.5 Comparative case study 
 A comparative case study was performed using experimental results obtained by Krishnan 
et al. [52]. Experiments were performed for microscale forward extrusion. The experimental 
details are given in Krishnan et al. [52]. The die of the experiment is shown in figure 4.11. The 
average grain size was 211 microns. A model was developed to mimic the experimental set up 
with same die dimensions and with average grain size of 211 microns. Figure 4.12 shows the die 
that was drawn to model the forward extrusion. The billet shape was cylindrical and half of the 
billet was considered for computational purposes. The diameter and length of the billet were 0.76 
mm and 3 mm, respectively. A polycrystal geometry was obtained with a grain size of 211 microns.  
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Figure 4.11: Die configuration for the experiment [52] 
 
 
Figure 4.12: Die drawn for modeling 
The bending response was found from the simulation. Then the bending deflection magnitude was 
quantified and compared with the extracted deflection magnitudes from literature [52], as shown 
in figure 4.13. Set-1 indicates higher degree of material non-homogeneity, and set-2 indicates 
lower degree of material non-homogeneity. If maximum magnitude of the deflection is considered, 
property set-1 predicts closer than the set-2.  
41 
 
  
Figure 4.13: Bending deflection comparison (all units are in mm) 
The simulation was done for different grain sizes with the same die configuration. It was found 
that the deflection magnitude increases as the grain size increases, as shown in figure 4.14. 
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Figure 4.14: Comparison of the deflection magnitude for different grain size specimens 
 
4.6 Full modeling of 3D forward extrusion 
 Previous sections of this chapter were concerned with the half model of forward extrusion. 
Since grain heterogeneity is present, symmetry boundary conditions cannot mimic the actual case 
perfectly. However, a half model is a good approximation to predict the bending phenomenon with 
lower computational cost. The full billet with material heterogeneity is shown in figure 4.15. 
 
Figure 4.15: 3D billet with material non-homogeneity 
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The billet geometry contains 192 grains with an average grain size of 211 microns. Like the half 
model, the die was rigid body and the fixed boundary conditions were applied. Figure 4.16 shows 
the final shape of the billet after extrusion.  
 
Figure 4.16: Final shape of the extruded part 
The comparison between the simulation and the experimental [11] outcomes are compared in the 
figure 4.17. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17: Comparison between experimental and computational deflection magnitudes (all 
units are in mm) 
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Chapter 5 
 
Hemispherical Bowl-shaped forming with cover plate 
 
  
5.1 Problem statement 
 Circular billets of diameter 15 mm were used as the work piece. The thickness varied from 
0.4 mm to 0.8 mm, and the hemispherical die and punch had a diameter of 10 mm. It was confirmed 
from initial experiments that without a cover a plate, crinkles are observed; these were more 
obvious in thinner specimens. Therefore, a cover plate was introduced to prevent the formation of 
crinkles, and hence to achieve smooth final forms. The cover plate successfully restrained the billet 
movement in the vertical direction. The downward displacement of the punch was 5 mm, which is 
the radius of the punch and die cavity. The relative position of die, punch, work piece, and cover 
plate is shown in figure 5.1, as an assembly. 
 
Figure 5.1: Assembly 
 
5.2 Modeling 
One-quarter of the comprehensive set up, as shown in figure 5.1 was considered to reduce 
the computational cost, applying appropriate symmetry boundary conditions at the cutting planes. 
The commercial FE software Abaqus/Standard was used to simulate the problem stated in section 
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5.1. The input material properties of the die, punch, and the cover plate were obtained from the 
experimental stress-strain plot in figure 5.2, and plastic input properties of the billet material were 
obtained from the true stress vs plastic strain plot in figure 5.3. 
 
Figure 5.2: Stress-strain plot for SLA resin 
 
Figure 5.3: Stress-strain plot for 3003-H14 Al alloy 
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The contact surfaces were defined as frictional contact, and a penalty formulation was used with a 
friction factor of 0.1. A structured hexagonal mesh was used for billet and cover plate, and free 
tetrahedral mesh was used for the punch and die. Symmetry boundary conditions were imposed at 
the cutting planes of all entities. Fixed boundary conditions were imposed at the bottom of the die. 
A displacement boundary condition of 5 mm downward was imposed on the punch. 
5.3 Mesh convergence test  
 A mesh convergence test was performed for the model with 0.4 mm thickness. The 
simulation was run for six different numbers of elements. The von-Mises stress values were 
observed for a specific point, as shown in figure 5.4. The corresponding von-Mises values are 
tabulated in table 5.1. From the figure 5.5, it is seen that the convergence occurs after the number 
of elements of approximately 250. 
 
Figure 5.4: Mesh convergence of the sheet metal forming operation with point of interest 
 
 
 
 
Point of 
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Table 5.1: Von-Mises stress corresponding to number of elements for metal forming simulation. 
Number of elements Von-Mises Stress (MPa) 
120 154.147 
154 155.304 
212 159.04 
320 158.879 
652 158.906 
1150 158.859 
 
 
  
 
Figure 5.5: Mesh convergence test for metal forming simulation 
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5.4 Results 
  
(a) 0.4 mm 
 
(a) 0.4 mm 
  
(b) 0.6 mm 
 
(b) 0.6 mm 
  
(c) 0.8 mm 
(c) 0.8 mm 
 
Figure 5.6: von-Mises contours Figure 5.7: Equivalent plastic strain contours 
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Figure 5.8: Load vs displacement plots 
 
 
Figure 5.9: Thickness distribution of the final forms 
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Final form shapes for thicknesses of 0.4, 0.6, and 0.8 mm were obtained by simulation. 
The von-Mises stress contours (figure 5.6) and equivalent plastic strain contours (figure 5.7) were 
obtained and compared for different thicknesses. As the thickness of the billet increases, the 
maximum magnitude of the equivalent plastic strain increases. However, the maximum magnitude 
of the von-Mises stress remains similar at high strains. Punch load vs punch displacement plots 
(figure 5.8) were calculated and compared for different thickness specimens. Load requirement 
increases as the thickness increases, as expected. Finally, the thickness distribution was calculated 
and plotted for final form shapes (figure 5.9). Thickness increases gradually towards the periphery 
of the bowl. 
There is a sharp transition in the load vs displacement plot for a 0.4 mm thick specimen at 
a displacement of approximately 4 mm, as shown in figure 5.8. However, for thicker specimens, 
this transition is not as obvious. The reason behind this phenomenon is the effect of bending 
response during deformation of the circular plates. Bending response is dominated in thicker 
specimens, whereas, membrane/tensile response is dominated in thinner specimens. Another 
aspect is noted in the figure 5.8 up to a punch displacement of approximately 0.8 mm; as the 
thickness of the specimen increases, the slope of the load-displacement plots increases 
significantly. This is because of the greater elastic force requirement to deform the thicker 
specimens before the onset of plastic deformation. 
Thickness of the final form decreases gradually from periphery to the center of the bowl. 
This trend can be validated by the theoretical formulation [53] of thickness distribution. 
 
5.5 Validation 
 Numerical predictions were validated by experimental results. Figure 5.10 shows the 
comparison of experimental and numerical load-displacement plots. The plots are in good 
agreement. At the start, simulation overestimates a little higher than the experimental load 
requirement. And towards the end, simulation underestimates a little lower than the experimental 
load requirement. Moreover, a little deviation is observed at the transition point of approximately 
4 mm displacement. The reason of this little deviation could be the input material properties. The 
specimen was 0.4 mm thick, which was in sub-millimeter range. But the input properties were for 
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bulk material, obtained from tensile tests. So the response of small specimens could slightly 
deviate from the expectation.  
 
Figure 5.10: Validation of numerical metal forming simulation model 
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Chapter 6 
 
Conclusions and Recommendations 
 
6.1 Conclusions 
 Size effects have been studied. When the specimens are miniaturized, size effects play a 
significant role. As described in chapter 1, researchers found the influence of size effects in tensile 
tests. Flow stress increases as the thickness of the specimen increases. But the flow stress decreases 
as the grain size of the specimen increases. Due these influence of size effects, some unexpected 
problems arise in metal processing. One of the major problems is unexpected distortion of the final 
product. Theoretically researchers formulated methods to calculate flow stress during in simple 
tension or compression tests as mentioned in chapter 2. But for metal processing, high plastic 
deformation occurs and due to nonlinearity, theoretical formulation fails to predict the influence 
of size effects on process parameters. Therefore, numerical modeling was performed to predict 
size effects on metal processing.  
In this study, the influence of grain size effects were investigated on small scale forward 
extrusion, and geometric size effects were studied on metal forming with a punch and die 
combination. It was shown in chapter 3 and 4 that due to material heterogeneity, size effects are 
observed. As the grain size increases, the magnitude of the bending response in small scale forward 
extrusion increases. Since the different grains had different material properties, all of the grains 
did not undergo the same strain. Due to property differences, the strain field differed significantly. 
The resultant effect of this non-uniform deformation contributes to a distortion phenomenon. For 
forward extrusion, this distortion phenomenon was observed as bending.  
 Geometric effects were investigated in chapter 5, in the case of a hemispherical forming 
process. Numerical simulations were performed and experiments were conducted. The simulation 
and the experimental results were in good agreement. The punch load requirements were greater 
for thicker specimens, as expected. It was observed that there were two distinctive regions in the 
load vs displacement plots. These are due to the different material response at different phases of 
the process. Initially the response was governed by a bending response, whereas, as the process 
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progresses beyond 80% of total displacements, the response is dominated by membrane/tensile 
response, especially for thinner specimens. Tensile response was more significant for thinner 
specimens, therefore, the sharp load-displacement transition was noticed. 
  
6.2  Recommendations 
Qualitative prediction of bending response was performed in this study. Therefore, 
experiments can be performed to validate the numerical model. Experiments for a number of 
different die-punch combinations can be conducted for a comprehensive investigation of size 
effects in small scale forward extrusion. Analyzing the experimental results can contribute to find 
a robust numerical model for predictions of size effects. Heat treatment can be performed to 
customize the grain size of the specimens and incorporating the heat treatment parameters into 
final predictions.  
Forming can be performed for different shapes, such as cylindrical, cubic, tapered 
rectangular, etc. The obtained results can be compared for different shapes to correlate between 
different shapes. Grain size effects can be investigated for bowl-shaped forming.  
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Appendix 
 
A.1 Python script to create section and to assign properties 
 A python script is given below to assign material heterogeneity to 75 grains. 
from part import * 
from material import * 
from section import * 
from assembly import * 
mdb.models['Model-1'].HomogeneousSolidSection(material='avg', name='avg' 
    , thickness=None) 
mdb.models['Model-1'].HomogeneousSolidSection(material='plus_1', name='plus_1' 
    , thickness=None) 
mdb.models['Model-1'].HomogeneousSolidSection(material='plus_2', name='plus_2' 
    , thickness=None) 
mdb.models['Model-1'].HomogeneousSolidSection(material='plus_3', name= 
    'plus_3', thickness=None) 
mdb.models['Model-1'].HomogeneousSolidSection(material='minus_1', name= 
    'minus_1', thickness=None) 
mdb.models['Model-1'].HomogeneousSolidSection(material='minus_2', name= 
    'minus_2', thickness=None) 
mdb.models['Model-1'].HomogeneousSolidSection(material='minus_3', name= 
    'minus_3', thickness=None) 
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for i in range (1,18): 
 mdb.models['Model-1'].parts['TESS'].SectionAssignment(offset=0.0, offsetField= 
    '', offsetType=MIDDLE_SURFACE, region= 
    mdb.models['Model-1'].parts['TESS'].sets['POLY'+str(i)], sectionName='avg',  
    thicknessAssignment=FROM_SECTION) 
  
for i in range (18,31): 
 mdb.models['Model-1'].parts['TESS'].SectionAssignment(offset=0.0, offsetField= 
    '', offsetType=MIDDLE_SURFACE, region= 
    mdb.models['Model-1'].parts['TESS'].sets['POLY'+str(i)], sectionName='plus_1',  
    thicknessAssignment=FROM_SECTION) 
for i in range (31,44): 
 mdb.models['Model-1'].parts['TESS'].SectionAssignment(offset=0.0, offsetField= 
    '', offsetType=MIDDLE_SURFACE, region= 
    mdb.models['Model-1'].parts['TESS'].sets['POLY'+str(i)], sectionName='minus_1',  
    thicknessAssignment=FROM_SECTION) 
for i in range (44,54): 
 mdb.models['Model-1'].parts['TESS'].SectionAssignment(offset=0.0, offsetField= 
    '', offsetType=MIDDLE_SURFACE, region= 
    mdb.models['Model-1'].parts['TESS'].sets['POLY'+str(i)], sectionName='plus_2',  
    thicknessAssignment=FROM_SECTION) 
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for i in range (54,64): 
 mdb.models['Model-1'].parts['TESS'].SectionAssignment(offset=0.0, offsetField= 
    '', offsetType=MIDDLE_SURFACE, region= 
    mdb.models['Model-1'].parts['TESS'].sets['POLY'+str(i)], sectionName='minus_2',  
    thicknessAssignment=FROM_SECTION) 
for i in range (64,70): 
 mdb.models['Model-1'].parts['TESS'].SectionAssignment(offset=0.0, offsetField= 
    '', offsetType=MIDDLE_SURFACE, region= 
    mdb.models['Model-1'].parts['TESS'].sets['POLY'+str(i)], sectionName='plus_3',  
    thicknessAssignment=FROM_SECTION) 
  
for i in range (70,76): 
 mdb.models['Model-1'].parts['TESS'].SectionAssignment(offset=0.0, offsetField= 
    '', offsetType=MIDDLE_SURFACE, region= 
    mdb.models['Model-1'].parts['TESS'].sets['POLY'+str(i)], sectionName='minus_3',  
    thicknessAssignment=FROM_SECTION) 
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